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In pipe systems, pressure and ﬂow ﬂuctuations below cutoff frequency propagate as plane
waves along pipes. Depending on the pipe length and propagation velocity, resonance
leading to high amplitude pressure ﬂuctuation may occur. At low pressure, cavitation is an
important source of ﬂuctuation. Beside its active role in the mechanism of noise generation,
the cavitation reﬂects partially the incoming plane waves. This may modify the values
of the eigenfrequencies of the system consisting of the pipe, the contained ﬂuid and the
vapor cavity. The inﬂuence of cavitation is experimentally investigated in a hydroacoustic
resonator: a straight pipe connecting two tanks. At three quarters of the pipe length, a bluff
body is placed cross ﬂow to generate periodic vortex wake cavitation in a limited section of
the pipe. The analysis of the wall pressure measurements along the hydroacoustic
resonator results is performed with the help of a one-dimensional transient model of the
pipe including the compliance of the cavities created in the wake of the bluff body. The
results of the numerical simulations enable the determination of both the eigenvalues
within the resulting system of equations and the mode shape of the pressure ﬂuctuations
corresponding to the experimental results.
& 2011 Elsevier Ltd. All rights reserved.1. Introduction
Cavitation plays an essential role in the generation and the propagation of acoustic waves in the hydraulic systems. It is
of major concern for numerous industrial applications such as hydropower (Arpe et al., 2009), pumps (Berten et al., 2007),
ship propellers (Watanabe and Brennen, 2003) and rocket propulsion (Bouziad, 2005; Bouziad et al., 2003). The generation
and propagation of noise in pipes has been studied for a long period of time and is still topical (Eid and Ziada, 2011;
Hachem and Schleiss, 2011). The review article of Reethof (1978) concerning noise induced by turbulence gives a good
overview of the physical mechanism and the technical concerns. However, few studies involve the problematic nature of
cavitation and mainly focus on noise generation, see Testud et al. (2007) and Hassis (1999); in their study of cavitation
noise induced by single-hole and multi-hole oriﬁces in pipes, Testud et al. (2007) observed eigenmodes in a domain
bounded by the cavitating oriﬁce and a valve containing air pockets. The air pockets and the vapor cavities were suspected
to reﬂect the acoustic waves. As a result, the ﬂuctuations were conﬁned between those two reﬂective boundaries and
eigenmodes have been observed in this restricted domain of the hydraulic circuit. In his experimental research, Hassis
(1999) investigated the noise induced by a cavitating valve. His analysis included the effect of the vapor cavity on the
pressure waves. He applied an analytical model to correlate the measured resonant frequencies upstream and downstream
the valve with the help of the propagation velocity in the cavitating section of the pipe and its length.ll rights reserved.
ax: þ41 21 693 35 54.
n).
t al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
dstructs.2011.10.001
Nomenclature
A pipe cross section (m2)
a0 plane wave velocity (m/s)
B pipe width (m)
C ﬂow velocity (m/s)
cp pressure coefﬁcient
D bluff body diameter (m)
Dh hydraulic diameter (m)
f frequency (Hz)
fcutoff pipe cutoff frequency (Hz)
fD drag frequency (Hz)
fL lift frequency (Hz)
fn pipe natural frequency (Hz)
fs source frequency (Hz)
K vapor cavity compliance (m s2)
Kw liquid compressibility (Pa)
LTOT pipe length (m)
Pyx cross power spectral density (cp
2
/Hz)
Pxx power spectral density (cp
2
/Hz)
p pressure (Pa)
pv water vaporization pressure (Pa)
Re Reynolds number
St Strouhal number
T frequency response function
Vc vapor cavity volume (m
3)
l wave length (m)
r0 water density (kg/m3)
s cavitation index
si incipient cavitation index value
N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]]2In the present paper, the inﬂuence of hydrodynamic cavitation on pipe hydroacoustic resonance is investigated
experimentally and numerically. The analysis is restricted to pressure ﬂuctuation below cutoff frequency, fcutoff¼
19 000 Hz in the present experiment; accordingly plane wave propagation is assumed. The ﬂow in a straight PVC pipe
connecting two tanks at constant pressure has been investigated. At three quarters of the pipe length, a bluff body is placed
cross ﬂow to induce ﬂow separation. The resulting ﬂow instability, known as bluff body induced vortex shedding,
generates acoustic pressure waves. For a sufﬁciently compact body, D5l, the ﬂow instability is equivalent to a dipole
source of sound. In the framework of acoustic plane waves propagation in a pipe, this type of source is also known as
momentum source and its amplitude and frequency are related to the drag force applied on the bluff body (Blake, 1986).
Depending on the ﬂow velocity, the frequency of the source may match one of the eigenfrequencies of the system and
eventually lead to hydroacoustic resonance. The system refers to the hydroacoustic resonator including ﬂuid compres-
sibility and the effect of the pipe wall deformation. For a pure liquid, the propagation velocity of acoustic plane waves in a
pipe is determined by the ﬂuid compressibility and the wall stiffness (Ghidaoui et al., 2005; Nicolet, 2007; Tijsseling,
1996). Kortweg’s equation (1) provides a good approximation of the propagation velocity of acoustic plane waves in an
elastic pipe:
1
a20
¼ r0
1
Kw
þ DA
ADp
 
, ð1Þ
where the ﬁrst term on the right accounts for the ﬂuid compressibility while the second term accounts for the elastic
deformation of the pipe.
At low pressure, cavitation is observed in the wake of the bluff body. In such condition, the amplitude of the acoustic
ﬂuctuation is strongly ampliﬁed in the entire pipe as the cavitation is an efﬁcient source of sound. The corresponding
source, interpreted as a mass source, is due to the variation of the vapor cavity volume (Blake, 1986). A strong coupling
exists between the acoustic pressure ﬂuctuation and the mass source in the cavitating region. This coupling results in the
modiﬁcation of the eigenfrequencies of the system. The hydrodynamic cavitation may therefore have two effects on the
hydroacoustic resonance of the pipe. First, the cavitation can be an additional source of noise. Second, the eigenfrequencies
of the system are modiﬁed by the cavitation. In the present study, it is found that the ﬁrst effect could be neglected and we
focus on the study of the second effect which consists mainly of a strong decrease of the pressure wave propagation
velocity in the cavitating region of the pipe. The cavitating section being short with respect to the pipe length, a one-
dimensional mathematical model of the time dependent pipe ﬂow using a lumped cavitation compliance can be
successfully applied to describe the inﬂuence of cavitation on the eigenmodes of the system, see for instance Brennen
and Acosta (1976) and Watanabe and Brennen (2003), who have applied such model to the cases of cavitating impeller in
circuit and propeller resonance in a water tunnel.
The cavity compliance, K, deﬁned as Eq. (2) is the partial derivative of the vapor volume, Vc, with respect to the pressure
in the cavitating region (Brennen and Acosta, 1976; Rubin, 1966) and therefore accounts for the relation between the
pressure in the source region and the mass source due to the vapor cavity:
K ¼r0
@Vc
@p
: ð2Þ
The paper is organized as follows. In Section 2, the hydroacoustic resonator and its instrumentation are introduced and
the presentation of the investigated ﬂow conditions is given as well. Then, in Section 3 the main results are presented,
which contain the mass and the momentum source frequency, the inﬂuence of the cavitation index on the eigenfrequency
of the system and the evaluation of the resonance frequency. In Section 4, the mathematical model is developed andPlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
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eigenmodes of the system. Finally, in the last section, the conclusions of the performed work mentioned above are drawn.2. Experimental set-up
The hydroacoustic resonator is made of a square cross-section of PVC pipe measuring 1.050 m in length,
0.0400.040 m2 for inner dimensions and a 2103 m wall thickness which connects two tanks. The ﬂow perturbation
is induced by a semi-circular bluff body of 20103 m diameter, located at three quarters of the pipe length. The bluff
body is mounted perpendicular to the ﬂow and is embedded on both sides of the pipe in a purposely designed Plexiglas
support. The rounded side faces upstream and the ﬂat side downstream. The ﬂow velocity in the pipe is controlled by
a variable-speed pump, see Fig. 1, and the hydrostatic pressure is adjusted, using a vacuum pump connected to the
downstream tank. The water used during the experiments is air saturated tap water, and the water temperature is kept
constant at 29373 K. The reﬂection condition of plane waves at both ends of the pipe is ensured by the free surface of the
partially ﬁlled tanks. The inﬂuence of the free surface level on the resonance frequency has been veriﬁed and no signiﬁcant
effect has been noticed.
Particular attention has been paid to achieve a uniform ﬂow at the pipe inlet. This is achieved with a special section
placed in the upstream tank which consists of a settling chamber and a convergent, see Fig. 2. After leaving the upstream
tank, the ﬂow goes through a settling chamber featuring a honeycomb of 5103 m hexagonal mesh and a screen with
10103 m holes for an open area ratio of 1/4. Then it ﬂows to a convergent of 1/25 cross-section ratio before entering
the squared pipe. The transition between the outlet of the pipe and the downstream tank consists of an abrupt change of
cross-section area, the area ratio being 2.4.
The ﬂow velocity is monitored with a vortex ﬂow meter of 0 to 20103 m3/s range placed between the circulating
pump and the upstream tank. Visualization of the wake cavitation is made with a high speed camera of 640512 pixels
resolution, 3000 frames/s acquisition rate and 80 ms exposure time. For the high speed visualization, the bluff body
support is made of Plexiglas elements of 40103 m wall thickness and 70103 m total length ﬁtted to the squared
PVC pipe. For measuring the mode shape of the pressure ﬂuctuations, ﬂush mounted piezoresistive pressure sensors are
distributed along the hydro-acoustic resonator; positions are given in Fig. 2. The sensor located in the downstream tank is
not indicated in the ﬁgure. The sensor located below the mid-span trailing edge of the bluff body is also used for measuringFig. 1. Experimental set-up.
Fig. 2. Cross-sectional view of the hydroacoustic resonator with pressure sensors locations.
Please cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
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to 1.8105 Pa. The sensor dynamic response has been validated in previous experimentation by Farhat et al. (2002).
After conditioning and ampliﬁcation, the signals of the 5 pressure sensors are simultaneously digitalized with a NI DAQ6221
at 1000 Hz sampling frequency. Welch’s (1967) method is applied for estimating the power density spectrum, see Table 1.
The ﬂuctuation frequency of the vapor volume is estimated using video analysis, the position of the camera being given
in Fig. 1. To identify the gaseous phase, a motion detection algorithm has been used, see Fig. 3. The method is based on the
comparison of two successive images. Since the liquid phase is transparent and only the gaseous phase is visible, the cavity
is identiﬁed as the moving part of the images. Then, the ﬂuctuation frequency of the cavity volume is assumed to be the
same as the ﬂuctuations of the cavity area computed from the images.
Measurements have been performed at constant ﬂow velocity and cavitation index. Two methods have been used to
change the ﬂow conditions, see Fig. 4:(1)Pl
anAt constant ﬂow velocity, open symbol, the hydrostatic pressure in the pipe has been changed by decrements of
2000 Pa from atmospheric pressure to minimum pressure reachable with the vacuum pump. The process has been
repeated for C¼2.5 m/s to C¼5 m/s by steps of 0.5 m/s.(2) At constant cavitation index, solid symbol, the velocity has been changed by steps of 0.1 m/s. At each step, the
hydrostatic pressure has been adjusted to maintain the cavitation index.The measurements performed at constant ﬂow velocity, open symbol, have been used exclusively to evaluate the
source frequency and the eigenfrequencies of the system. As the ﬂow velocity is proportional to the source frequencyTable 1
Welch’s method parameters.
Parameter Value
Sampling frequency 1000 Hz
Time signal duration 66 s
Spectral resolution 0.98 Hz
Window size 210 samples
Windows overlap 28 samples
Window type Hamming
Fig. 3. Video analysis of the vapor fraction in the wake of the bluff body.
Fig. 4. Investigated ﬂow conditions.
ease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
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measurements performed at constant cavitation index, solid symbol, also have been used to investigate the acoustic
resonance; four cavitation indexes have been selected for this purpose. The ﬂow conditions above incipient cavitation have
been measured at atmospheric pressure and are therefore not visible in Fig. 4. For the three other ﬂow conditions, vortex
cavitation has been observed in the wake of the bluff body. The cavitation index s is deﬁned as follows:
s¼ ppv
ð1=2ÞrC2
, ð3Þ
where p is the value of the static pressure under the bluff body. The pressure has been measured with the sensor located
below the trailing edge of the bluff body, see Fig. 2. pv¼2338 Pa is the water vaporization pressure at 293 K and C is the
pipe discharge velocity. The incipient cavitation index value si¼9, obtained from visualization has been used to scale the
actual cavitation index; the selected values of scaled cavitation indexes being 41, 0.81, 0.73 and 0.62.
Top views of the cavitation in the wake of the bluff body are presented in Fig. 5. The ﬂow is from the left to the right.
Large variations of cavity volume are observed for all s. Nevertheless a clear increase of mean cavity volume is correlated
with the decrease of s. The spatial distribution of the cavitating vortices is weakly inﬂuenced by s. From video analysis it
can be stated that the vapor cavities are conﬁned in a region located between 0.5D and 4D downstream the obstacle except
for very low cavitation index (s/sio0.5).
3. Results
3.1. Sources of mass and axial momentum
In hydroacoustics two types of sources are associated with speciﬁc hydrodynamic perturbations (Hirschberg and
Rienstra, 2004). The momentum source is associated with perturbations induced by compact surfaces on ﬂow at low Mach
number, this type of source alters the conservation of momentum along the pipe axis (Curle, 1955; Inoue and Hatakeyama,
2002). The mass source is associated with the volume ﬂuctuation of an external surface or a nonlinear density variation of
the ﬂuid, this type of source alters the mass conservation law (Williams, 1969).
In the present study, the momentum source is due to the drag force ﬂuctuation on the bluff body as this component of
the force is parallel to the direction of propagation of acoustic plane waves. The mass source is due to the volume
ﬂuctuation of the vapor cavity. The frequency of both sources is determined using the pressure sensor located under the
bluff body. Indirect determination of the drag frequency is possible using the pressure ﬁeld under the bluff body. In Fig. 6,
the time history of the pressure ﬂuctuations under the bluff body is plotted using the pressure coefﬁcient ﬂuctuations c0p
deﬁned as follows:
c0p ¼
pp
ð1=2ÞrC2
ð4Þ
with p the time averaged value of pressure.
In this region, the pressure time history is characterized by a periodic ﬂuctuation with an unsteady low frequency
modulation.
In Fig. 7(a), the frequency peaks of pressure ﬂuctuation under the bluff body are plotted against the ﬂow velocity for
each investigated ﬂow condition. Except from ﬂow conditions corresponding to low cavitation index: s/si40.5, a linear
relation can be observed between the ﬂow velocity and the frequency peak. Under the bluff body, the dominant pressure
ﬂuctuation frequency observed as a frequency peak is equal to the lift frequency.
The drag frequency is twice the lift frequency, according to Eq. (5) (Williamson, 1996):
f s ¼ f D ¼ 2f L ¼
2C
D
St, ð5Þ
where D is the bluff body diameter, C is the ﬂow velocity and St the Strouhal number. A linear regression over the range
0:5os=sio1 yields the following estimations of the mean value and standard deviation, at 68% conﬁdence interval, of
the Strouhal number:
St¼ f LD
C
¼ 0:39070:006: ð6Þ
This particularly high value of St is due to the high conﬁnement, D/B¼0.5 (Ota et al., 1994). No variation of St is
observed over the explored range of Reynolds number, Fig. 7(c). As shown in Fig. 7(b), the cavitation index also has no
inﬂuence on the vortex shedding frequency for s/si40.5. The Strouhal number increases solely for very low s values, as it
has been obtained for a symmetric wedge (Young and Holl, 1966). The momentum source frequency is therefore linearly
proportional to the ﬂow velocity for the selected ﬂow conditions.
The cavity pulsation frequency and the corresponding mass source frequency are measured via the following two methods:P
aVideo analysis by the image processing used for the vapor volume yielding the volume ﬂuctuation frequency.
 Direct measure of the pressure ﬂuctuation under the bluff body.lease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
nd Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
Fig. 5. Wake cavitation, (a) description of the image background, (b) s/si¼0.81, (c) s/si¼0.73 and (d) s/si¼0.62.
N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]]6In cavitating conditions, there are two peaks in the frequency spectrum of pressure ﬂuctuation under the bluff body: a
peak of large amplitude is observed at the lift frequency and a peak of smaller amplitude is observed at twice the lift
frequency. The smaller one being not observed in cavitation free conditions, its occurrence is suspected to be due to thePlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
Fig. 6. Time history of pressure ﬂuctuation under the bluff body for C¼3 m/s and cavitation free ﬂow condition.
N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]] 7acoustic ﬂuctuations induced by the mass source. Since the pressure ﬂuctuation due to the mass source is twice the lift
frequency, by selecting the appropriate range of frequency in the spectrum of pressure ﬂuctuation, it is possible to
investigate the mass source exclusively.
In Fig. 8, an example of a waterfall diagram of Power Spectral Density (PSD) of pressure ﬂuctuation is presented by
varying the ﬂow velocity and keeping constant the cavitation index at s/si¼0.62. The dominant frequency, due to the lift,
is not visible in this ﬁgure since fLo100 Hz. Therefore, the frequency peak observed in the selected frequency range
corresponds to the mass source frequency. The mass source frequency is proportional to the ﬂow velocity. The large
amplitude observed from C¼4 m/s to C¼4.5 m/s is due to the acoustic resonance.
In Fig. 9, both the mass source frequency evaluated using video analysis and pressure measurements are given. Pressure
measurements corresponding to a speciﬁc range of cavitation index 0.5os/sio0.72 and to a quasi-constant ﬂow velocity,
open symbols in Fig. 4, are used to plot the error bar. The video analysis is performed for 5 ﬂow conditions. Due to the short
duration of the video record, 0.5 s, the spectral resolution of the video analysis, 11.7 Hz, is lower than the spectral resolution
achieved with the pressure measurement, 0.98 Hz. On one side, the direct determination using video analysis demonstrates the
proportionality relation between the ﬂow velocity and the mass source frequency, but the uncertainty of such method is large.
On the other side, the indirect determination using pressure measurement is sufﬁciently accurate to conﬁrm the relation
between the frequency of the ﬂow instability and the frequency of the mass source. However, the mass and momentum
sources are both due to the ﬂow instability in the wake of the bluff body. The frequency of this instability is proportional to the
ﬂow velocity and the ratio between the ﬂow velocity and sources frequency is given by the Strouhal number see Eq. (4).
3.2. System eigenmodes
The broadband noise due to the low frequency modulation of the bluff body vortex shedding feeds acoustic energy on a
large range of frequencies in the hydroacoustic resonator. This noise is exploited to detect the eigenfrequencies of the
system.
In Fig. 10, a waterfall diagram of the PSD of the pressure ﬂuctuation at x/LTOT¼0.5 is presented for various conditions of s.
The source frequency is selected in the range of 120 Hz (1.24 fn) to 195 Hz (2.02 fn), therefore the frequency peak due to the
source is not visible. The eigenfrequency is identiﬁed as the frequency with maximum amplitude. Below si, the ﬁrst
eigenfrequency decreases strongly with the cavitation index. Above si, the eigenfrequency of the system is constant.
The average and standard deviation of the eigenfrequency of the system in cavitation-free conditions is given as
follows:
f n ¼ 96:5Hz71Hz: ð7Þ
This value will be used as a reference frequency to normalize the source frequency and the resonance frequencies.
Below si, the eigenfrequency of the system is a nonlinear function of the cavitation index.
3.3. Resonance
The four waterfall diagrams of the PSD of pressure ﬂuctuation at x/LTOT¼0.5 are given in Fig. 11 by varying the ﬂow
velocity and keeping the value of the cavitation index constant for the 4 investigated cavitation indexes. According toPlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
Fig. 7. (a) Lift frequency versus ﬂow velocity, (b) Strouhal number versus cavitation index and (c) Strouhal number versus Re; points are measured values
and line corresponds to St¼0.39.
Fig. 8. Mass source frequency based on pressure ﬂuctuation under the bluff body by keeping the cavitation index constant.
Please cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
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Fig. 9. Mass source frequency based on pressure ﬂuctuation and video analysis.
Fig. 10. Waterfall diagram of the PSD of pressure ﬂuctuation at x/LTOT¼0.5 by varying the cavitation index.
N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]] 9Eq. (5), the source frequency is derived from the ﬂow velocity. The dashed line indicates the source frequency and the solid
line, the eigenfrequency of the system. Maximum amplitude is reached at resonance as the source frequency is equal to
one of the eigenfrequency values of the system. Similar behavior is observed for all sensors positions along the pipe.
Nevertheless, the relative amplitudes along the pipe are determined by the eigenmodes, see Section 4. Without cavitation,
the 1st eigenfrequency of the system is evaluated at 96 Hz, see Fig. 11(a). This value is in agreement with the evaluation
based on the broadband noise excitation, see Section 3.2. For s/si¼0.81, the resonant frequency is measured at 1.71 fn, see
Fig. 11(b). As the onset and development of cavitation are expected to decrease the value of the eigenfrequency of the
system, this resonant frequency may correspond to the second eigenfrequency. Lower resonant frequency values are
measured for s/si¼0.73 and s/si¼0.62. For these values of cavitation index, the resonant frequencies decrease down to
1.56 fn and 1.48 fn, respectively, see Fig. 11(c) and (d). It conﬁrms the correspondence of the resonance with the 2nd
eigenfrequency for cavitating ﬂow conditions. At low ﬂow velocity, the limited capacity of the vacuum pump prevents us
to reach the cavitation conditions corresponding to resonance at the ﬁrst eigenfrequency.
4. Analysis
4.1. One-dimensional hydroacoustic model
The model is a one-dimensional description of time dependent pipe ﬂow (Ghidaoui et al., 2005; Nicolet, 2007):
@p
@t
þr0a20
@C
@x
¼ 0, @C
@t
þ 1r0
@p
@x
þ f 9C09
2
ﬃﬃﬃﬃﬃ
A0
p C ¼ 0, ð8Þ
where p is the pressure, C the discharge velocity, C0 the reference discharge velocity, r0 the water density, a0 the
propagation velocity, A0 the cross section area, f the friction factor, t the time and x the position along the pipe axis.
The pipe length corresponds to the experiment (LTOT¼1.05 m), no end correction is introduced. Constant reservoir
pressure is imposed for both the inlet and outlet boundaries.
The measured values of the resonant frequency corresponding to cavitation-free conditions, without any vapor cavity,
have been used to calculate the propagation velocity according to Wylie and Streeter (1993):
2LTOTf n ¼ a0 ¼ 203m=s: ð9ÞPlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
Fig. 11. PSD of cp at x/LTOT¼0.5 versus ﬂow velocity and equivalent source frequency for 4 cavitation indexes. (a) s/si41; (b) s/si¼0.81; (c) s/si¼0.73
and (d) s/si40.62.
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N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]] 11This value is in fair agreement with the computed value a0¼260 m/s, considering the elastic deformation of the PVC
pipe wall and using Eq. (1). The viscoelastic behavior of the PVC material is not considered in this investigation.
To describe the inﬂuence of the cavitating section, a lumped compliance, see Eq. (2), is included in the model to account
for the vapor cavity compliance. The compliance is located for a diameter D downstream the obstacle. The simulations are
performed with the in-house developed software SIMSEN (http://simsen.epﬂ.ch/, 2011; Nicolet et al., 2007). A centered
ﬁnite difference method on a staggered grid with 40 elements is used for the spatial discretization of the pipe, see Fig. 12.
A sensitivity study has been performed and leads us to the conclusion that the selected spatial resolution, 0.026 m, is
sufﬁcient for the investigated wave length range l40:67m.
The following set of equations is obtained for i¼ 1, 2, . . ., 40:
1þa
2
0
A0
K
Dx
 1
dpi
dt
þr0a20
Ciþ1=2Ci1=2
Dx
¼ 0, i¼ 30
dpi
dt
þr0a20
Ciþ1=2Ci1=2
Dx
¼ 0, ia30
,
dCiþ1=2
dt
þ 1r0
piþ1pi
Dx
þ f 9C09
2
ﬃﬃﬃﬃﬃ
A0
p Ciþ1=2 ¼ 0:
8>><
>>:
ð10Þ
The cavity compliance K is added only for the node which corresponds to the vapor cavity position i¼30. Similar
formulation has been successfully used to describe the dynamic behavior of a Francis turbine at full load operation
(Nicolet, 2007). The resulting system of the ﬁrst order differential equations is given by
dX
!
dt
þ M½ X!¼ V!: ð11Þ
In Eq. (11), X
!
is the state variable vector (pi and Ci for i¼1, 2,y, 40). The vector V
!
contains the pressure boundary
conditions, pin and pout. The matrix ½M contains the ﬂuid inertia, propagation velocity, cavity compliance and wall friction. The
eigenfrequencies of the linearized system are determined from the eigenvalues of the matrix ½M (Alligne´ et al., 2008). Complex
eigenvalues correspond to oscillatory modes. Damping and oscillation frequencies are, respectively, given by the real parts and
the imaginary parts of the eigenvalues. The shapes of the corresponding eigenmodes are given by the eigenvectors.
The aim of the one-dimensional hydroacoustic model is to compare the eigenfrequencies and the eigenmode shapes of
the cavitating pipe with respect to the experimental results. Therefore, the head losses due to the pipe wall friction and the
bluff body drag which only inﬂuence the damping are not taken into account for this analysis and, then, we impose for the
boundary conditions pin¼pout.
The parameters of the one-dimensional hydroacoustic model are summarized in Table 2.
4.2. Eigenfrequency
Based on the hydroacoustic model, the 1st, 2nd and 3rd eigenfrequencies of the system are plotted versus the cavity
compliance values in Fig. 13. The cavity compliance is presented in a logarithmic scale. A nonlinear relation between the
eigenfrequencies and K is shown. At low cavity compliance, the 1st eigenfrequency is equal to the eigenfrequency of the
pipe free of vapor. At high K, the ﬁrst eigenfrequency drops to a value close to zero and the eigenfrequencies of higher
orders tend to constant values. Such a situation has been analyzed by Testud et al. (2007), for developed cavitation regime.Fig. 12. Pipe space discretization for the SIMSEN simulations.
Table 2
Set-up of the one-dimensional hydroacoustic model.
Parameter Value
Propagation velocity 203 m/s
Friction factor 0
Inlet BC 0 Pa
Outlet BC 0 Pa
Length 1.05 m
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Fig. 13. Inﬂuence of the vapor cavity compliance on eigenfrequencies.
Table 3
Relation between the normalized cavitation index and the computed eigenfrequencies.
s/si (–) K (kg/Pa) 1st Eigenfrequency (f/fn) 2nd Eigenfrequency (f/fn) 3rd Eigenfrequency (f/fn)
41 0 1 2 3
0.81 8.24109 0.89 1.7 2.91
0.73 1.79108 0.75 1.55 2.85
0.62 3.07108 0.61 1.48 2.82
Fig. 14. 1st Eigenfrequency versus cavitation index.
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the cavity compliance corresponding to the selected cavitation indexes can be evaluated, yielding K¼8.24109 kg/Pa for
s/si¼0.81; K¼1.79108 kg/Pa for s/si¼0.73 and K¼3.07108 kg/Pa for s/si¼0.62. The 1st and 3rd eigenfrequencies
can thereafter be estimated from the cavity compliance, see Table 3.
In Fig. 14, the direct measurements of the ﬁrst eigenfrequency of the system as a function of the cavitation index are
compared with the results obtained with the numerical simulations.
The direct measurement of the frequency of the peak due to broadband noise of the source is assumed to match the
eigenfrequency of the system for the corresponding cavitation index. The frequency peaks presented in Fig. 10 are plotted
versus s, solid symbols in Fig. 14.
While for the numerical simulations, the ﬁrst eigenfrequency is evaluated for the selected cavitation indexes (circle:
s/si¼0.81; diamond: s/si¼0.73; square: s/si¼0.62). The good agreement leads us to the conclusion that the lumped
compliance model is sufﬁcient to describe the inﬂuence of the cavitation on the eigenfrequencies of the system.4.3. Eigenmodes
The eigenmodes are directly given by the eigenvectors of the hydroacoustic model. Those modes are compared with the
measured pressure ﬂuctuations in Fig. 15 for s/si41, s/si¼0.81, s/si¼0.73 and s/si¼0.62. The frequency responsePlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
Fig. 15. 1st, 2nd and 3rd pressure eigenmodes for various cavitation indexes. Black point: reference amplitude; error bar: mean value and standard
deviation of the transfer functions; lines: one-dimensional hydroacoustic model.
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pressure ﬂuctuations for a given frequency (Testud et al., 2007).
The frequency response function is estimated with the cross power spectral density normalized by the power spectral
density at the reference position:
Txyðf Þ ¼
Pyxðf Þ
Pxxðf Þ
: ð12Þ
The frequency response function is computed for each selected cavitation index, the mean values and the standard
deviations of the frequency response function are presented for the frequencies corresponding to the ﬁrst, second and
third eigenfrequency values. The different ﬂow velocities at the selected cavitation indexes, see solid symbols in Fig. 4, are
used to plot the error bar. To compare the eigenvectors with the measurements, the eigenvectors are normalized with their
amplitude at x/LTOT¼0.25. The discontinuity produced by the cavity compliance is clearly visible for the eigenvectors at
low s. The anti-node of the 1st eigenmode is shifted from the middle of the pipe to the vapor cavity position along with the
decrease of the cavitation index s. For the 2nd eigenmode, the vapor cavity tends to behave as a node of pressure with the
increase of vapor compliance. This tendency is ampliﬁed for the 3rd eigenmode. At very low s, the vapor tends to split
the circuit in two parts. The plane waves are fully reﬂected by the cavity and both sides of the circuit behave as two
independent systems. This is valid for all except for the ﬁrst eigenmode which corresponds to the pulsation of the vapor
cavity.
5. Conclusion
A wall pressure measurement of hydroacoustic resonance has been performed in a straight PVC pipe in cavitating ﬂow
conditions. The ﬂow instability in the wake of a bluff body was successfully exploited as a source of acoustic pressure
wave. Its frequency was adjusted with the ﬂow velocity; a linear relation has been measured between the source
frequency and the ﬂow velocity, following a constant Strouhal number law. The inﬂuence of hydrodynamic cavitation in a
limited section of the pipe on the eigenfrequencies of the hydroacoustic system has been investigated in detail. Using
broadband noise excitation and resonance, the dependence of the eigenfrequencies on the cavitation index has been
demonstrated. The values of the eigenfrequencies decrease in a nonlinear manner with the decrease of the cavitationPlease cite this article as: Ruchonnet, N., et al., Cavitation inﬂuence on hydroacoustic resonance in pipe. Journal of Fluids
and Structures (2011), doi:10.1016/j.jﬂuidstructs.2011.10.001
N. Ruchonnet et al. / Journal of Fluids and Structures ] (]]]]) ]]]–]]]14index. A mathematical model based on one-dimensional pipe ﬂow and lumped vapor cavity compliance has been used to
analyze this phenomenon. A relation between the cavitation index and the cavity compliance was established. The
eigenmodes computed with the mathematical model were in good agreement with the measured distribution of pressure
ﬂuctuation at the corresponding eigenfrequencies. Based on the measurement of a single eigenfrequency at a given
cavitation index, it was possible to predict the other eigenfrequencies and eigenmodes corresponding to this cavitation
index. A lumped compliance included in a hydroacoustic model of the pipe was sufﬁcient to describe the inﬂuence of
hydrodynamic cavitation on the eigenfrequencies and eigenmodes of the system. This experimental work emphasizes the
advantages of one-dimensional hydroacoustic models with lumped compliance for the analysis of pressure ﬂuctuation in
circuit with cavitation. The precision of the approach is shown for a hydrodynamic source of acoustic ﬂuctuation featuring
cavitation. Such approach is expected to provide valuable results for the interaction between other type of hydrodynamic
instabilities such as vortex breakdown and arbitrary hydraulic circuit.Acknowledgments
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